To examine the role of telomeric repeat-binding factor 2 (TRF2) in epithelial tumorigenesis, we characterized conditional loss of TRF2 expression in the basal layer of mouse epidermis. These mice exhibit some characteristics of dyskeratosis congenita, a human stem cell depletion syndrome caused by telomere dysfunction. The epidermis in conditional TRF2 null mice exhibited DNA damage response and apoptosis, which correlated with stem cell depletion. The stem cell population in conditional TRF2 null epidermis exhibited shorter telomeres than those in control mice. Squamous cell carcinomas induced in conditional TRF2 null mice developed with increased latency and slower growth due to reduced numbers of proliferating cells as the result of increased apoptosis. TRF2 null epidermal stem cells were found in both primary and metastatic tumors. Despite the low-grade phenotype of the conditional TRF2 null primary tumors, the number of metastatic lesions was similar to control cancers. Basal cells from TRF2 null tumors demonstrated extreme telomere shortening and dramatically increased numbers of telomeric signals by fluorescence in situ hybridization due to increased genomic instability and aneuploidy in these cancers. DNA damage response signals were detected at telomeres in TRF2 null tumor cells from these mice. The increased genomic instability in these tumors correlated with eightfold expansion of the transformed stem cell population compared with that in control cancers. We concluded that genomic instability resulting from loss of TRF2 expression provides biological advantages to the cancer stem cell population.
INTRODUCTION
The telomeric shelterin complex contains the double stranded DNA binding proteins telomeric repeat-binding factor 2 and 1 (TRF2 and TRF1).
1 Dominant-negative TRF2 induced end-to-end chromosomal fusions of telomeric DNA. 2 These fusions have lost the single-strand G tail, and cells expressing the dominantnegative TRF2 protein undergo senescence or apoptosis. Programmed cell death was mediated by ataxia telangiectasia mutated (ATM) kinase and p53 consistent with DNA damage checkpoint activation. [3] [4] [5] Nonhomologous end joining of telomeres was dependent on DNA ligase IV. 6 Telomeres from cells lacking TRF2, p53 and DNA ligase IV did not undergo degradation but were recognized as DNA damage sites. Nonhomologous end joining in TRF2-deficient cells was dependent on 53BP1, which binds to damaged telomeres. 7 The MRE11-RAD50-NBS1 complex interacts with ATM to detect double strand breaks. MRE11-RAD50-NBS1 complex deficient cells do not activate ATM when TRF2 is removed from telomeres. 8 Chromosome end-to-end fusions are reduced in these cells with persistence of the telomeric overhangs. Formation of DNA damage foci and telomere fusions was reduced in cells doubly deficient for NBS1 and TRF2.
9,10 Dominant-negative TRF2 also induced catastrophic deletions of telomeric DNA depending on XRCC3 and created t-loop-sized telomeric circles.
11 TRF2-mediated end capping that occurred after telomere replication was limited to those produced by leading-strand DNA synthesis.
12 TRF2 overexpression accelerates the rate of telomere shortening without increasing senescence. 13, 14 These studies demonstrate the importance of TRF2 in regulating DNA damage response at telomeres.
Alterations in telomere length regulation have profound effects on stem cell populations in many tissues. 15, 16 Stem cells in many tissues have longer telomeres than the proliferating populations found in these anatomic locations. 17 In mammalian epidermis, an important stem cell population resides in the adult hair follicle bulge. 18, 19 These slowly cycling CD34 þ /K15 þ cells respond to external stimuli such as chemical carcinogens and wounding by increased cell division and migration, and are capable of regenerating components of the epidermis. 20, 21 Telomere shortening due to loss of telomerase activity inhibited proliferation and mobilization of stem cells and impaired hair growth, 22 while telomerase overexpression caused rapid transition to anagen phase with robust hair growth. 23, 24 TRF2 overexpression in the epidermis (K5-TRF2 mice) results in short telomeres in the presence of telomerase activity, leading to premature aging and increased risk of cancer. 25 Loss of telomerase activity in K5-TRF2 mice accelerates epithelial carcinogenesis by increased DNA damage and chromosomal instability. 26 Epidermal skin cell dysfunction in these mice is rescued by p53 deletion but skin carcinogenesis is accelerated due to diminished p21 induction. 27 TRF2 expression is dysregulated in many types of cancer. 28, 29 Human cancer studies have suggested that increased TRF2 expression during multistage lung carcinogenesis stabilizes telomeres in advanced tumors. 30 To provide a new perspective on the role of TRF2 in epithelial tumorigenesis, we characterized conditional loss of TRF2 expression in the basal layer of mouse epidermis. These mice exhibit some characteristics of dyskeratosis congenita, a rare human stem cell depletion syndrome caused by telomere dysfunction. However, these stem cell-depleted mice exhibit significant stem cell expansion and metastasis during carcinogenesis owing to severe telomere dysfunction, genomic instability and aneuploidy.
RESULTS
To determine how loss of TRF2 expression affects epidermal development, homeostasis and tumorigenesis, we created TRF2 conditional null mutant mice in the epidermis by crossing K14-Cre with TRF2f/f mice. These mice lack TRF2 expression in stratified epithelia such as the epidermis. TRF2 genotyping and mRNA expression in sorted epidermal cells from these mice are shown in Figures 1d and e. K14-Cre;TRF2f/f mice were born at the expected mendelian frequencies and were grossly normal with respect to appearance, weight and behavior. By 8 weeks of age, some K14-Cre;TRF2f/f mice developed multiple distinct bends in the tail resembling the crinkled mouse phenotype, which exhibits stem cell depletion 31 ( Figures 1a and b) . Older K14-Cre;TRF2f/f mice developed nail dystrophy, which has been described in mouse models of dyskeratosis congenita exhibiting stem cell depletion resulting from short telomeres 32, 33 ( Figure 1c ). These phenotypes were not observed in K14-Cre;TRF2 þ / þ mice. To determine if this phenotype correlated with apoptosis and telomeric DNA damage response in epidermal stem cells, we examined programmed cell death and localization of 53BP1 protein at telomeres in sorted stem cells. Apoptosis was increased in sorted TRF2-deficient stem cells compared with those expressing the gene product (0.03% vs 4.5%; Po0.005; Figures 2a, b, d and e). TRF2-deficient stem cells exhibited robust induction of 53BP1 DNA damage foci, which localized to telomeres (Figures 2c and f) . These results indicate that TRF2 deficiency induces telomeric DNA damage response and apoptosis of epidermal stem cells, resulting in stem cell depletion phenotypes in conditional null mutant mice.
We examined DNA damage response activation in K14-Cre;TRF2f/f skin by western blot. As shown in Figure 3a , activated ATM (phospho-ATM) expression was induced by up to 10-fold in the skin from K14-Cre;TRF2f/f mice. Expression of phospho-Chk2 expression was increased in the skin of K14-Cre;TRF2f/f mice by up to 20-fold. p53 expression was strongly induced in the skin of K14-Cre;TRF2f/f mice (10-fold). These results indicate that loss of TRF2 expression induces a robust DNA damage response in mouse epidermis.
Histopathological analysis by hematoxylin and eosin staining of skin in K14-Cre;TRF2f/f mice up to 18 months old revealed no differences in interfollicular epidermis compared with K14-Cre;TRF2 þ / þ animals (Figures 3b and g ). However, follicular bulge cells in serial sections were decreased by 50% (Po0.001) in K14-Cre;TRF2f/f skin, and demonstrated nuclear condensation characteristic of the early stages of apoptosis. Hair follicle diameter was decreased by 23% due to decreased numbers of root sheath epithelial cells in K14-Cre;TRF2f/f skin (Po0.03). We examined TRF2 protein expression in the skin from K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice (Figures 3c and h ). TRF2 protein expression was not detected in the skin from K14-Cre;TRF2f/f mice but was readily detected in the epidermis and hair follicles from K14-Cre;TRF2 þ / þ animals. To determine if the robust DNA damage response in the epidermis from K14-Cre;TRF2f/f correlated with increased apoptosis in these cells, we examined programmed cell death by terminal transferase dUTP nick end labeling (TUNEL) analysis. K14-Cre;TRF2f/f mice (Figures 3i and j) showed a significant increase in apoptotic cells in the proliferating basal layer of the epidermis compared with K14-Cre;TRF2 þ / þ (Figures 3d and e) animals (0.01% vs 3.5%; Po0.0001). Cell cycle analysis of epidermal keratinocytes from K14-Cre;TRF2f/f mice showed a significant increase in the G2/M phase fraction compared with cells from K14-Cre;TRF2 þ / þ animals (15% vs 28%; Po0.05; Figures 3f and k) . These results indicate that epidermal stem and basal layer cells from K14-Cre;TRF2f/f mice exhibit elevated DNA damage response and apoptosis. However, increased proliferation of epidermal keratinocytes in these mice compensates for programmed cell death.
To determine if increased apoptosis in epidermal cells of K14-Cre;TRF2f/f mice resulted in stem cell depletion, we sorted the Stem cell expansion in TRF2 null cancer B Bojovic et al stem cell population from dissociated epidermal keratinocytes using the well-characterized CD34 and K15 markers. 34 Flow cytometric sorting of epidermal keratinocytes using control immunoglobulin G is shown in Figure 3l . Stem cells comprised 1.9% of dissociated epidermal keratinocytes isolated from K14-Cre;TRF2 þ / þ mice (Figure 3m ). However, stem cells comprised only 0.8% of epidermal keratinocytes isolated from K14-Cre;TRF2f/ f mice (Po0.002; Figure 3n ). No differences in hematocrit or white blood cell count were detected in K14-Cre;TRF2f/f compared with K14-Cre;TRF2 þ / þ mice (Figures 3o and p) , indicating normal function of the hematopoietic stem cell compartment in conditional TRF2 null animals. These results indicated the epidermal stem cell compartment was depleted in K14-Cre;TRF2f/f mice.
To determine the effects of conditional TRF2 deletion on epidermal carcinogenesis, we treated K14-Cre;TRF2f/f and K14-Cre;TRF2 þ / þ mice with DMBA (7,12-dimethylbenz[a]anthracene) using a protocol, which consistently resulted in squamous cell carcinoma with metastasis to regional lymph nodes. 35 As shown in Figure 4a , tumor latency was significantly increased in K14-Cre;TRF2f/f mice. Tumor latency was 22 weeks in K14-Cre;TRF2f/f mice compared with 18 weeks in K14-Cre;TRF2 þ / þ animals (Po0.03). Tumor growth was significantly inhibited in K14-Cre;TRF2f/f mice compared with K14-Cre;TRF2 þ / þ animals (tumor volume 277 vs 80 mm 3 ; Po0.01; Figure 4b ). There were no significant differences in number of tumors between K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice (13 vs 14 tumors, respectively). Tumor histopathology was similar in both K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice, representing squamous cell carcinoma (Figures 4c and d ). TRF2 protein expression was detected in tumor cells from K14-Cre;TRF2 þ / þ mice by immunohistochemistry (Figure 4e ), but not in tumors from K14-Cre;TRF2f/f animals ( Figure 4f ). Metastatic tumor cells were detected in regional lymph nodes in both K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice (Figures 4g and h ). We performed immunofluorescent examination of primary tumors and lymph nodes using anti CD34 and K15 antibodies. 36, 37 Epidermal stem cells were detected in both primary and metastatic tumors from mice of both genotypes (Figures 4i and j) . TRF2 expression also was decreased in human squamous cell carcinomas (SCC) lines (Figure 4k ). These results indicate that epidermal stem cells are present in primary and metastatic tumors from K14-Cre;TRF2f/f mice and that these tumors are characterized by increased latency and slow growth.
To determine if the slow growth of squamous cell carcinomas in K14-Cre;TRF2f/f mice was due to decreased tumor cell proliferation, we performed anti-PCNA immunohistochemistry on tumors from animals of both genotypes. Representative sections showing PCNA expression in tumors from K14-Cre;TRF2 þ / þ and K14- Western blot analysis demonstrating DNA damage response in K14-Cre;TRF2 þ / þ (wt) and K14-Cre;TRF2f/f (TRF) mice. Blots were incubated with antibodies indicated at left using independent protein samples. Epidermis from K14-Cre;TRF2 þ / þ (b) and K14-Cre;TRF2f/f mice (g). Stem cells (arrow), hair follicles (f), and sebaceous glands (s) are shown. Scale bar ¼ 10 mm.TRF2 expression in the skin from K14-Cre;TRF2 þ / þ (c) and K14-Cre;TRF2f/f mice (h) is shown by immunohistochemistry. Apoptosis in epidermis as determined by TUNEL analysis in K14-Cre;TRF2 þ / þ (D, DAPI; E, FITC) and K14-Cre;TRF2f/f (I, DAPI; J, FITC) mice. Cell cycle analysis of dissociated epidermal keratinocytes in K14-Cre;TRF2 þ / þ (f ) and K14-Cre;TRF2f/f (k) mice. FACS of dissociated mouse epidermal keratinocytes incubated with control IgG (l), epidermal keratinocytes from K14-Cre;TRF2 þ / þ (m) or K14-Cre;TRF2f/f (n) mice incubated with phycoerythrin conjugated CD34 antibody. Hematocrit (Hct; o) and white blood cell counts (p) in K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice. Figure 7f ). Nude mouse subcutaneous injection of 10 4 CD34 þ tumor cells from K14-Cre;TRF2 þ / þ mice consistently formed tumors within 6 months. However, injection of 10 5 CD34 þ tumor cells from K14-Cre;TRF2f/f mice failed to form tumors by 12 months (data not shown). We compared the in vitro colony-forming ability of isolated cells from K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f epidermis and primary SCC. The percentage of colony-forming cells in K14-Cre;TRF2 þ / þ epidermis, K14-Cre;TRF2 þ / þ SCC, and K14-Cre;TRF2f/f SCC was 0.1%, 1.7% and 0.3%, respectively. We were unable to establish To determine if the DNA damage response in K14-Cre;TRF2f/f epidermis and squamous cell carcinomas correlated with telomere dysfunction, we examined telomere length in CD34 þ and CD34 À cells from epidermis and squamous cell carcinomas in K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice. Average telomere length ratios (ATLRs) were determined using extracted DNA from sorted cell populations using an established quantitative PCR method for limiting amounts of genomic DNA. 38 As shown in Figure 8a , in K14-Cre;TRF2 þ / þ epidermis ATLR was significantly decreased in CD34 À proliferative basal cells compared with the CD34 þ stem cell population (1.7 vs 2.2; Po0.04) consistent with previous reports. 17 ATLR in CD34 þ stem cells from K14-Cre;TRF2 þ / þ tumors was significantly decreased compared with the same population in K14-Cre;TRF2 þ / þ epidermis (0.5 vs 2.2; Po0.0001). ATLR was significantly decreased in CD34 À proliferative basal cells from tumors compared with CD34 À cells in K14-Cre;TRF2 þ / þ epidermis (0.4 vs 1.7; Po0.001). In K14-Cre;TRF2f/f epidermis, ATLR was significantly decreased in CD34 À basal cells compared with CD34 þ stem cells (0.3 vs 1.5; Po0.0002). In K14-Cre;TRF2f/f tumors, ATLR was significantly decreased in CD34 À tumor cells compared with the CD34 þ population (0.2 vs 0.5; Po0.01). ATLR was significantly decreased in CD34 þ cells from K14-Cre;TRF2f/f tumors compared with the same cell population from the epidermis (0.4 vs 1.5; Po0.003). ATLR in CD34 þ cells from K14-Cre;TRF2f/f epidermis was significantly decreased compared with K14-Cre;TRF2 þ / þ skin (1.5 vs 2.2; Po0.04). ATLR in the CD34 À proliferating basal cells was significantly decreased in K14-Cre;TRF2f/f epidermis compared with K14-Cre;TRF2 þ / þ skin (0.3 vs 1.7; Po0.001). These results indicate telomeres in both epidermal stem and nonstem populations are significantly shorter in TRF2 null cells.
We also characterized the number of telomeric signals observed by fluorescence in situ hybridization in K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f tumors. The number of telomeric fluorescence in situ hybridization signals was significantly increased (10-fold; Po0.004) in tumors from K14-Cre;TRF2f/f mice ( Figure 8c ) compared with tumors from K14-Cre;TRF2 þ / þ mice (Figure 8b) . Cultured tumor cells from K14-Cre;TRF2f/f mice showed increased telomere localization of 53BP1 foci compared with tumor cells from K14-Cre;TRF2 þ / þ animals by combined immunofluorescence/ in situ hybridization (Figures 8d and e; Po0.02). Metaphase spreads from wild-type and K14-Cre;TRF2f/f tumor cells (Figures 8f and g ) showed significantly increased signal-free ends (2.5% vs 18.8%, respectively; Po0.01), aneuploidy (modal chromosome number 51 vs 98, respectively; Po0.002) and chromosomal fusions (1.0 vs 4.6 per metaphase, respectively; Po0.04). These results indicate that telomere shortening in the absence of TRF2 expression is associated with DNA damage response, genomic instability and aneuploidy in K14-Cre;TRF2f/f tumors.
Despite the increased tumor latency and slow growth of K14-Cre;TRF2f/f tumors, we observed similar numbers of metastatic lymph nodes in these mice (48/72 nodes; 67%) compared with tumor-bearing K14-Cre;TRF2 þ / þ animals (50/72 nodes; 69%; Figure 8h ). To determine if the unexpected increase in metastatic tumors in K14-Cre;TRF2f/f mice could result from expansion of the transformed stem cell population, we sorted these cells from K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f tumors. K14-Cre;TRF2f/f tumors showed greater than 10-fold expansion of the CD34 þ / K15 þ population compared with control tumors (0.8% vs 8.2%; Po0.003; Figures 8i and j) . Expression of the metastasis gene CXCR3 was 7.7-fold higher in K14-Cre;TRF2f/f SCCs (Figure 8k ). These results indicate that the transformed stem cell population is significantly expanded in K14-Cre;TRF2f/f tumors.
DISCUSSION
Conditional deletion of TRF2 expression in stratified epithelium induced a dramatic DNA damage response in the epidermis characterized by ATM and Chk2 activation, and induction of p53 expression. These results correlated with significantly increased numbers of apoptotic cells in bulge cells and basal layer of the epidermis, suggesting that loss of TRF2 results in telomeric DNA damage response and cell death. The finding that apoptotic cells were detected in the rapidly dividing basal layer but rarely in suprabasal cells suggests that TRF2 is important for telomere maintenance in this population. The sensitivity of basal layer cells to TRF2 depletion also may be due in part to telomere shortening as the result of increased cell proliferation rather than recruitment of XPF. 25 Basal layer cells express low telomerase activity, which is insufficient to halt telomere shortening with time. 17 The increased percentage of G2/M phase cells observed in TRF2 null epidermis suggests that this tissue can maintain integrity by compensating for the loss of dividing cells with increased proliferation. In agreement with these results, acute ablation of follicular stem cells resulted in loss of hair follicles but survival of the epidermis. 39 Late-generation Terc (telomerase RNA component)-deficient mice show follicular stem cell depletion and impaired hair growth without significant epidermal hypoplasia. 22 Similarly, the stem cell depletion syndrome dyskeratosis congenita is characterized by telomere dysfunction but not epidermal hypoplasia, 40 nor is the Pot1b null mouse model of this disease. 32 Both Terc and Pot1b-deficient mice demonstrate reduced stem cell populations in multiple tissue compartments but do not develop significant hair loss. 22, 32 These results indicate that epidermis and its appendages can adapt to reduction of the follicular stem cell population.
Conditional TRF2 null mutant mice exhibit stem cell depletion in epidermis resulting in nail dystrophy observed in dyskeratosis congenita. 32, 33 Conditional TRF2 null mutant mice also exhibit distinct bending of the tail, which is reminiscent of the crinkled mouse phenotype. Stem cells of the hair follicle bulge were required for optimal lateral expansion of epidermis during growth of the tail, 31 suggesting that depletion of this population may inhibit epidermal proliferation resulting in tail crinkling. Given that the keratin 14 promoter targets the follicular stem cell population, 37 telomere dysfunction and resultant apoptosis in these cells may inhibit epidermal proliferation during rapid growth of the tail in neonatal development.
Epidermal tumorigenesis in TRF2 conditional null mutant mice was significantly delayed compared with control animals. These results complement previous studies indicating that TRF2 overexpression increases epithelial carcinogenesis. 26 These cancers also grew substantially slower than those in K14-Cre;TRF2 þ / þ mice as indicated by tumor volume measurements and significantly decreased numbers of PCNA-positive cells. These phenotypic results correlated with increased p53 expression and TUNEL-positive cells in TRF2 null tumors. The percentage of apoptotic cells in DMBA-treated TRF2 null tumors was significantly higher than in control cancers, indicating that carcinogen treatment exacerbated TRF2 mediated programmed cell death found in conditional null epidermis resulting in slow tumor onset and growth. This may be due to additional telomere shortening resulting from carcinogen damage. The ability of TRF2 null tumor cells to form colonies in vitro and tumors in immunocompromised mice also was substantially impaired. A previous study showed that epidermal tumorigenesis initiated by DMBA and promoted by tetradecanoyl phorbol acetate was delayed in CD34 null mutant mice. 41 Depletion of proliferating cells including the CD34 þ population inhibited mouse skin tumorigenesis. 34 In contrast to the stem cell depletion observed in wild-type tumors treated with DMBA alone, the tetradecanoyl phorbol acetate-promoted mouse skin carcinogenesis protocol resulted in expansion of the CD34 þ cell population. 34 This result is likely due to increased mitosis promoted by tetradecanoyl phorbol acetate, compared with persistent DNA damage and apoptosis in tumors treated with DMBA alone.
Telomere length was shorter in follicular stem cells from TRF2 null epidermis, and this shortening was dramatically enhanced in non-stem basal layer cells. These results suggest that loss of TRF2 expression regulates telomere shortening in vivo. Previous studies have demonstrated that homologous recombination results in loss of telomeric DNA in cultured cells with diminished TRF2 function, 11 and follicular stem cells exhibit short telomeres in Terc-deficient mice. 24 The effects of telomere dysfunction in rapidly proliferating epidermis contrasts with those of quiescent epithelia such as hepatocytes, in which TRF2 deficiency induced telomere fusions and aneuploidy in the absence of cell division. 42 Telomeres were significantly shorter in tumors from both wildtype and conditional TRF2 null mice, indicating that carcinogeninduced DNA damage and increased cell proliferation are important for regulating telomere shortening in these cancers. DNA damage response at telomeres was enhanced in tumor cells from TRF2 conditional null mice, which correlated with increased signal-free ends, aneuploidy and chromosomal fusions in these cancers. Inhibition of TRF2 function resulted in chromosomal fusions and anaphase bridges in cultured cells.
2 In contrast, we did not observe tandem chromosomal fusions at telomeres in TRF2 null tumor cells, which have been demonstrated by acute loss of TRF2 function in vitro. 5 It is likely that these cells undergo programmed cell death in vivo, which precludes their establishment in monolayer culture. Telomere fusions in human cancer cell lines have been shown to possess extremely short telomeric sequences or lack telomere repeats altogether. 42 Despite the increased latency and slow growth of TRF2 null tumors, the dramatically increased genomic instability in these cancers correlated with significant expansion of CD34 þ /K15 þ cells. However, unlike wild-type CD34 þ /K15 þ cancer cells, TRF2-deficient CD34 þ /K15 þ tumor cells are highly niche dependent given their poor colony-forming efficiency in vitro and tumor formation in immunocompromised mice. It is interesting to speculate that other cells in the tumor may support proliferation and metastasis of the CD34 þ /K15 þ population, possibly through paracrine or cell adhesion signaling. Shortened telomeres have been shown to cause genomic instability in diverse model systems. [42] [43] [44] While most genetically unstable clones are unable to expand, those with specific mutations and rearrangements can acquire proliferative and invasive capabilities. With regard to cancer stem cells, aneuploidy has been demonstrated in labelretaining cells from human cancer cell lines, which acquire the ability to proliferate. 45 DNA damage in side population cells can induce proliferation, and these cells are enriched in recurrent tumors. 46 These results indicate that genomic instability can induce stem cell proliferation and promote development of metastatic clones.
TRF1 conditional null mutant mice exhibit severe epidermal defects that can be rescued by p53 deficiency. 47 In contrast, the selective depletion of basal keratinocytes in TRF2 conditional null mutant mice suggests the involvement of additional telomere maintenance mechanisms such as telomerase, which is normally expressed by these cells. 22, 23 It is possible that stochastic variations in telomere length within the epidermis make subpopulations of cells more susceptible to TRF2 mediated telomere dysfunction, which may be revealed by inhibition of telomerase in this genetic background. Finally, multiple distinct stem cell populations have been proposed in epidermis, [48] [49] [50] which may have different sensitivities to telomere dysfunction and carcinogenesis.
MATERIALS AND METHODS

Transgenic mouse procedures
The Tg(KRT14-Cre)1Amc/J (K14-Cre) and B6;129P2-Terf2 tm1Tdl /J (TRF2f/f; 6) mutant mouse strains were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were backcrossed to create K14-Cre;TRF2f/f animals (n ¼ 12 each group). Genotyping was performed on extracted genomic DNA from sorted epidermal cells. One-month-old K14-Cre;TRF2 þ / þ and K14-Cre;TRF2f/f mice were dosed twice weekly with 25 mg dimethylbenzanthracene, which induces metastatic squamous cell carcinoma. The latency, number and volume of tumors were recorded for each animal. Tail Stem cell expansion in TRF2 null cancer B Bojovic et al skin and tumors from 9-month-old mice were frozen or fixed in 4% buffered formaldehyde.
Reverse transcriptase-PCR 
Western blot
Protein was extracted from mouse epidermis in 1 Â laemmli buffer. Seventy-five micrograms of total cellular protein was separated by SDSpolyacrylamide gel electrophoresis. Proteins were electroblotted to polyvinylidene difluoride membranes. Blots were incubated with antibodies to phospho-ATM, total ATM, Chk2, p53 or b-actin for 16 h at 4 1C. After washing, blots were incubated for 30 min at room temperature with anti-immunoglobulin G secondary antibody conjugated to horseradish peroxidase. Bands were visualized by the enhanced chemiluminescence method and quantitated by laser densitometry.
Immunofluorescence and immunohistochemistry
Mouse skin and tumor tissue sections were deparaffinized and stained with hematoxylin and eosin. Sections were incubated with anti CD34, p53 or 53BP1 antibody overnight at room temperature. Sections were incubated with secondary antibody conjugated to phycoerythrin or fluorescein. Sections were washed in phosphate-buffered saline (PBS) and visualized by fluorescence microscopy. For immunohistochemical analysis, sections were blocked with 10% normal serum followed by incubation with anti TRF2 or PCNA antibodies. After three washes in PBS, sections were incubated with secondary antibody conjugated to biotin followed by streptavidinconjugated peroxidase. Antigen-antibody complexes were detected by incubation with substrate solution. Data were analyzed by Student's t-test.
Cell death analysis
Epidermal cells and tumor tissue were fixed, washed in PBS, and incubated with terminal deoxynucleotidyl transferase and dUTP-fluorescein for 1 h at 37 1C. Apoptotic cells were visualized by fluorescence microscopy. The percentage of fluorescent cells in 10 random high-power fields was determined. Data were analyzed by Student's t-test.
Fluorescence-activated cell sorting
Epidermal keratinocytes and SCCs were dissociated by trypsinization, washed in PBS and incubated with phycoerythrin-conjugated CD34 and K15 antibodies. For cell cycle analysis, cells were incubated with Vybrant Dye Cycle Violet reagent (Invitrogen, Carlsbad, CA, USA). Samples were washed in PBS followed by fluorescence-activated cell sorting.
Telomere length analysis of sorted cells
We used a quantitative PCR method to measure average telomere length ratios. 38 Telomeric primers were 5 0 -CGGTTTGTTTGGGTTTGGGTTTGGGTT TGGGTTTGGGTT-3 The relative input amount of telomere PCR was divided by the relative input amount of the 36B4 PCR. PCR was performed three times for each sample and the average of these ratios was reported as the average telomere length ratio.
Metaphase spreads and fluorescence in situ hybridzation
Tumor cell cultures were treated with 0.1 mg/ml colcemid for 3 h at 37 1C. Cell pellets were suspended in 60 mM KCl and incubated at room temperature for 30 min. After centrifugation, cell pellets were fixed three times in 3:1 methanol:acetic acid and spotted on to microscope slides. Cy3 labeled telomeric probe was hybridized to the metaphase spreads (Dako, Carpinteria, CA, USA). After washing, slides were coverslipped and photographed using fluorescence microscopy.
